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Introduction
============

Age-related macular degeneration (AMD) is a common cause of irreversible blindness in elderly populations of the Western countries. The disorder is characterized by the appearance of drusen in the macula followed by geographic atrophy or choroidal neovascularization (CNV) ^[@ref-1]^. The exact etiology of AMD remains unknown, yet it is thought that environmental factors as well as mutations in genes of various biochemical pathways including lipid transport and metabolism, the complement cascade, remodeling of the retinal extracellular collagen matrix, and the angiogenesis pathway may contribute to the development of AMD ^[@ref-2]^.

Two advanced forms of AMD have been identified: 1) "dry" or atrophic AMD, which accounts for 85--90% of AMD cases and presents with atrophy of the retinal pigment epithelium (RPE) with subsequent progressive visual loss, and 2) "wet" or neovascular AMD, accounting for 10--15% of cases and characterized by the growth of new blood vessels from the choroid into the Bruch's membrane with subsequent leakage and bleeding that disrupt the normal architecture of the photoreceptor-RPE complex and, ultimately, lead to scar formation ^[@ref-3]^.

While different antioxidants and oral agents are used in various trials to delay the progression of atrophic AMD, intravitreal vascular endothelial growth factor (VEGF) inhibitors remain the mainstay of treatment for neovascular AMD ^[@ref-4],\ [@ref-5]^. The goal of this review is to focus on recent treatments that are being developed for the treatment of AMD.

Clinical trials
===============

The list of clinical trials for this review was obtained from PubMed searches using the following keywords: "macular degeneration", "randomized", and "trial". Additionally, the content of currently published review articles on different clinical trials of AMD were studied for the inclusion of relevant trials ^[@ref-6]--\ [@ref-8]^. Finally, applicable trials presented at different meetings including the Association for Research in Vision and Ophthalmology (ARVO) and the American Academy of Ophthalmology's subspecialty day were also included.

Treatments for dry age-related macular degeneration
===================================================

Lampalizumab
------------

The complement pathway is an important component of the host-defense system, yet it must be tightly regulated to prevent tissue inflammation and damage. Lampalizumab (FCFD4514S) is a humanized IgG Fab fragment that inhibits complement factor D, the rate-limiting enzyme in the alternative pathway of the complement cascade, which has been implicated in the pathogenesis of geographic atrophy ^[@ref-9],\ [@ref-10]^. Indeed, polymorphisms in gene regulators of the alternative complement pathway are associated with increased risk of AMD ^[@ref-11]^.

An earlier phase Ia trial showed that the administration of single-dose intravitreal lampalizumab was safe and well tolerated in patients with geographic atrophy ^[@ref-12]^. Following this safety trial, the MAHALO phase Ib/II trial (NCT01229215) demonstrated that monthly treatment with lampalizumab in patients with geographic atrophy reduces the rate of lesion progression by about 20% at month 18 ^[@ref-13]^. Presently, there are two phase III trials underway to evaluate the long-term effects of lampalizumab intravitreal injections in patients with geographic atrophy (NCT02745119 and NCT02247531).

Stem cell transplantation
-------------------------

Stem cells have the potential to replace damaged cells and thus carry wide applications in regenerative therapeutics and the field of neurodegenerative disorders ^[@ref-14]^. Recent studies show that subretinal transplantation of human embryonic stem cell (hESC)-derived RPE could improve, or at least stabilize, visual acuity in patients with dry AMD (n=2) and Stargardt macular dystrophy (n=2). One patient with dry AMD and initial best-corrected visual acuity (BCVA) of one letter maintained two letters read by the end of their 1-year visit. The second dry AMD patient with initial BCVA of 20/320 (25 ETDRS letters) improved to 20/200 (34 ETDRS letters) at their 1-year visit and the central scotoma tested by Goldmann perimetry diminished in intensity. Enhanced subretinal pigmentation with localized black clumps, development of epiretinal membrane without macular puckering, corneal abrasion, elevated intraocular pressure, and subretinal hemorrhage were reported events following the transplantation procedure. However, there was no evidence of adverse proliferation, cancer development, or ectopic tissue formation after 1 year of therapy ^[@ref-15]^. These findings provide increasing hopes of vision recovery using stem cell transplantation in patients with advanced dry AMD. Presently, there is an additional multicenter clinical trial underway with encouraging results at 1 month that will address the safety of umbilical cord-derived stem cells in patients with geographic atrophy (NCT01226628).

AAV2.sCD59 gene therapy
-----------------------

CD59 complement factor is a naturally occurring membrane-bound inhibitor of the membrane attack complex (MAC), an immune protein that mediates cell lysis by the formation of plasma membrane pores ^[@ref-16],\ [@ref-17]^. Indeed, there is increased abundance of MAC in the choriocapillaris of aging retina and AMD patients ^[@ref-18],\ [@ref-19]^, prompting investigators to evaluate the role of CD59 in the progression of AMD. Animal studies show that intraocular delivery of an adeno-associated virus vector (AAV2) that expresses the soluble form of membrane-independent CD59 (sCD59) reduces CNV, vascular leakage, and retinal ganglion cell death in a mouse model of diabetic retinopathy ^[@ref-20]^. Hemera Biosciences has recently obtained FDA approval to carry out a phase I gene therapy trial to evaluate the safety of MAC inhibition via AAV2.sCD59 vectors in participants with dry AMD.

Photobiomodulation
------------------

Photobiomodulation is the procedure through which visible to near-infrared light is applied to cells to produce beneficial effects. The results of a recent study on 42 patient with dry AMD show that application of multi-wavelength light composed of yellow (590 nm), red (670 nm) and near-infrared (790 nm) for a period of 3 weeks results in significant improvement in BCVA, contrast sensitivity, and the drusen size ^[@ref-21]^. Presently, participants are being recruited for further evaluation of photobiomodulation as a treatment of dry AMD \[NCT02725762\].

Brimonidine
-----------

Brimonidine is a selective alpha-2 receptor adrenergic agonist that, in addition to its intraocular pressure (IOP)-lowering effects, carries neuroprotective properties that are thought to be linked to reduced accumulation of extracellular glutamate and blockade of NMDA receptors ^[@ref-22]^. Currently, Allergan has sponsored a phase II clinical trial to evaluate the safety and efficacy of a brimonidine tartrate intravitreal implant in the treatment of patients with dry AMD. The initial results of the study involving 113 participants demonstrate that, in comparison to the sham arm, administration of low (200 µg) and high (400 µg) dose inserts of 22 gauge sustained-release brimonidine at baseline and at month 6 results in a statistically significant reduction in the size of geographic atrophy for both low (by 18%) and high (by 27%) dose implants. No significant adverse effects have been reported for either inserts (NCT00658619). A second phase II trial is underway to investigate the efficacy and safety of a new 25 gauge brimonidine insert (400 µg) administered to study eyes on day 1 and every 3 months until month 21 (NCT02087085).

Tetracyclines
-------------

Minocycline is a tetracycline derivative with neuroprotective properties that are thought to be attributed to its caspase inhibitory functions ^[@ref-23]^. Furthermore, *in vitro* studies demonstrate that minocycline protects primary human RPE cells against oxidative stress ^[@ref-24]^. Presently, there are ongoing phase II trials that are evaluating the effects of oral minocycline (100 mg, twice daily) and doxycycline (40 mg, daily) in the treatment of AMD patients with geographic atrophy (NCT02564978 and NCT01782989).

Treatments for wet age-related macular degeneration
===================================================

Anti-vascular endothelial growth factor agents
----------------------------------------------

Abicipar pegol (MP0112), a designed ankyrin repeat protein (DARPin), is a genetically engineered antibody mimetic protein that is used via intravitreal injection to target VEGF (NCT01086761). Results of initial studies demonstrate that MP0112 decreases mean retinal thickness and leakage area despite ocular inflammation in patients with neovascular AMD ^[@ref-25]^. Currently, two independent phase III studies are enrolling (NCT02462486 and NCT02462928).

Squalamine is another anti-VEGF agent that has been used for the treatment of wet AMD. Ohr Pharmaceutical Inc. has presented the results from the IMPACT phase II study, which evaluated the effects of combination therapy of 0.2% squalamine lactate ophthalmic solution administered twice daily with monthly ranibizumab intravitreal injections in patients with wet AMD (NCT02511613). Squalamine lactate is known to inhibit angiogenesis by entering into activated endothelial cells through caveolae followed by binding to and manipulating calmodulin to block angiogenesis ^[@ref-26]^. Data from the IMPACT study demonstrate that, after 9 months of treatment, patients with combination therapy of ranibizumab and squalamine lactate had a mean gain of 11 letters versus a gain of 5 letters in the ranibizumab monotherapy arm. Furthermore, at 9 months, 44% of the patients receiving combination therapy achieved a ≥3 line vision gain as compared to 29% in the ranibizumab monotherapy arm ^[@ref-27]^. Presently, a phase III trial of squalamine lactate is underway (NCT02727881).

Single-chain antibody fragment VEGF inhibitor RTH258 has been tested in a phase I/II trial in treatment-naive patients with subfoveal CNV secondary to AMD. The trial demonstrates non-inferiority of RTH258 in comparison to ranibizumab in mean change of central subfield thickness from baseline to month 1. Likewise, changes in BCVA were comparable between RTH258 and ranibizumab ^[@ref-28]^. Phase III studies are now underway to compare the efficacy and safety of RTH258 to aflibercept (NCT02307682 and NCT02434328).

Finally, DS7080a (Daiichi Sankyo Inc.) is another angiogenesis-inhibiting monoclonal antibody that is being evaluated in a phase I clinical trial for the treatment of wet AMD (NCT02530918).

Small molecules
---------------

PAN-90806 is an alternative topical anti-VEGF eye drop with promising outcomes that is being used by PanOptica Inc. for the treatment of wet AMD (NCT02022540). Currently, the medication is being reformulated and will go back into clinical trials ^[@ref-29]^.

Anti-platelet-derived growth factor agents
------------------------------------------

Platelet-derived growth factor (PDGF) promotes pericyte recruitment, endothelial proliferation, and angiogenesis ^[@ref-30],\ [@ref-31]^. In light of the role of PDGF in neovascularization, Ophthotech has developed E10030 (Fovista®), a PDGF antagonist, for the treatment of patients with wet AMD. In a phase IIb clinical trial, participants were randomized to ranibizumab treatment in combination with E10030 0.3 mg, E10030 1.5 mg, or sham. Nevertheless, despite favorable visual acuity outcomes for the E10030 1.5 mg arm ^[@ref-32]^, the phase III trial of E10030 has been terminated (NCT01944839). In December 2016, Ophthotech announced that the primary endpoint of mean change in visual acuity at 12 months was not achieved in phase III clinical trials that were investigating the superiority of Fovista and Lucentis combination therapy compared to Lucentis monotherapy for the treatment of wet AMD ^[@ref-33]^. Likewise, the phase II CAPELLA trial of intravitreal REGN2176-3 (Regeneron Pharmaceuticals Inc.), an anti-PDGF receptor beta antibody, failed to reach its primary endpoint in neovascular AMD ^[@ref-34]^.

Anti-angiopoietin agents
------------------------

In addition to VEGF molecules, angiopoietins play an essential role in the formation of new blood vessels ^[@ref-35]^. A recent phase I trial has investigated the effects of RG7716, an anti-VEGF/anti-Ang2 antibody, in patients with wet AMD who had persistent CNV despite three or more intravitreal anti-VEGF treatments in the preceding 6 months, with the last treatment applied at least 4 weeks prior to enrolment. The results of this trial confirm the safety profile of RG7716 with promising improvements in BCVA as well as central subfield thickness ^[@ref-36]^. Presently, a phase II trial is underway to investigate the effects of RG7716 in larger patient populations (NCT02484690).

rAAV.sFLT-1 gene therapy
------------------------

In comparison to intravitreal injection of anti-VEGF agents, the application of recombinant adeno-associated virus (rAAV) vector gene therapy allows for longer duration of reversing the AMD pathologic processes. Soluble fms-like tyrosine kinase-1 (sFLT-1) is a naturally occurring anti-angiogenic protein that confers protection against CNV, where subretinal injection of rAAV.sFLT-1 vector in a mouse model is shown to reduce fluorescein leakage from the retinal vessels and lower the number of aberrant vessels invading the outer nuclear layer ^[@ref-37]^. The gene therapy vector is also safe and well tolerated in humans ^[@ref-38]^.

Recently, a phase IIa randomized controlled trial investigated the effects of subretinal administration of rAAV.sFLT-1 gene therapy vector in patients with active wet AMD. All patients (n=32) received ranibizumab injections at baseline and week 4, after which, following a core vitrectomy at day 7, patients in the gene therapy group (n=21) received subretinal injection of 100 μL rAAV.sFLT-1 vector (1 × 10 ^11^ vg). In the rAAV.sFLT-1 group, BCVA improved by a median of one ETDRS letter from baseline compared to a median of five letters' loss in the control group at week 52. Furthermore, 11 (52.4%) rAAV.sFLT-1-treated patients received two or fewer ranibizumab retreatments and three (14.3%) participants achieved notable BCVA gains of ≥15 letters versus the control arm, in which 10 of 11 patients (90.9%) received more than two ranibizumab retreatments and none achieved a gain of ≥15 letters. While a larger sample size is required to obtain meaningful statistical outcomes, the results of this study support the role of ocular gene therapy as a potential approach for the long-term treatment of wet AMD ^[@ref-39]^. Currently, rAAV is being formulated for the delivery of alternative genes.

Future directions
=================

The future of dry AMD treatments are trending towards long-term vision preservation. For wet AMD, it is to decrease treatment burden as well to achieve better visual results. This is being done by targeting other sites in the pathway leading to the development of wet AMD.
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